An important issue in affective neuroscience concerns the role of mesocorticolimbic dopamine systems in positive-valenced motivation (e.g., reward) versus negative-valenced motivation (e.g., fear). Here, we assessed whether endogenous dopamine receptor stimulation in nucleus accumbens contributes to both appetitive behavior and fearful behavior that is generated in keyboard manner by local glutamate disruptions at different sites in medial shell. 6,7-Dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) microinjections (450 ng) locally disrupt glutamate signals in Ͻ4 mm 3 of nucleus accumbens, and generate either desire or fear (or both) depending on precise rostrocaudal location in medial shell. At rostral shell sites, local AMPA/kainate blockade generates positive ingestive behavior, but the elicited motivated behavior becomes incrementally more fearful as the same microinjection is moved caudally. A dopamine-blocking mixture of D 1 and D 2 antagonists (raclopride and SCH-23390 [R(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5,-tetrahydro-1H-3-benzazepine hydrochloride]) was combined here in the same microinjection with DNQX to assess the role of endogenous local dopamine in mediating the DNQX-motivated behaviors. We report that local dopamine blockade prevented DNQX microinjections from generating appetitive behavior (eating) in rostral shell, and equally prevented DNQX from generating fearful behavior (defensive treading) in caudal shell. We conclude that local dopamine is needed to enable disruptions of corticolimbic glutamate signals in shell to generate either positive incentive salience or negative fearful salience (valence depending on site and other conditions). Thus, dopamine interacts with localization of valence-biased glutamate circuits in medial shell to facilitate keyboard stimulation of both appetitive and fearful motivations.
Introduction
It is important to understand how mesocorticolimbic mechanisms generate positive versus negative motivations. Dopamine (DA) in the nucleus accumbens is well known as a mechanism of appetitive motivation for reward (Berridge and Robinson, 1998; Kalivas and Volkow, 2005; Wise, 2006; Palmiter, 2007; Robbins and Everitt, 2007; Salamone et al., 2007; Schultz, 2007) . However, aversive motivations such as pain, stress, and fear also may involve dopamine in nucleus accumbens (at least tonic dopamine signals) (Blackburn et al., 1992; Salamone et al., 1994 Salamone et al., , 2005 Redgrave et al., 1999; Horvitz, 2000; Levita et al., 2002; Jensen et al., 2003; Lawrence et al., 2007; Scott et al., 2007; Ventura et al., 2007) .
Disruption of glutamate inputs (or local GABA signals) to local circuits in the nucleus accumbens generates both positive reward motivation and negative fear motivation, but localized along a keyboard-type rostrocaudal gradient in medial shell (Basso and Kelley, 1999; Stratford and Kelley, 1999; Reynolds and Berridge, 2001 , 2002 . Microinjections of a glutamate AMPA antagonist or GABA A agonist in rostral shell increase appetitive behavior such as eating, and establish conditioned place preferences. In contrast, as sites become more caudal, microinjections of the same agents establish conditioned place avoidance and incrementally increase fearful reactions such as distress vocalizations and defensive treading (Reynolds and Berridge, 2001 , 2002 . Defensive treading is a instinctive behavior of many rodents, which in the wild can entail kicking sand at predator snakes, and in the lab involves quantifiable burying of noxious objects, building mounds, and kicking sand toward experimenters, shock prods, or other perceived threats (Coss and Owings, 1978; Treit et al., 1981) .
Mesolimbic dopamine systems interact with glutamate signals to the nucleus accumbens that arise from sources in prefrontal cortex, hippocampus, basolateral amygdala, and thalamus (Groenewegen et al., 1980; Sesack et al., 1989; Everitt et al., 1991; McDonald, 1991; Wright and Groenewegen, 1995; Mulder et al., 1998; Meredith, 1999; Cardinal et al., 2002) . Dopamine synapses connect on dendritic spines beneath glutamate synapses, and dopamine modulates the impact of glutamate signals in nucleus accumbens in complex ways Pickel, 1990, 1992) .
Conversely, glutamate modulates dopamine release in nucleus accumbens (Chesselet, 1984; Surmeier et al., 2007) .
Tonic dopamine has been suggested to be a neurobiological modulator of information carried by other signals, including glutamate (Chuhma et al., 2004; Grace et al., 2007; Schultz, 2007; Surmeier et al., 2007) . Modulation of input signals is compatible with the functional hypothesis that accumbens dopamine modulates glutamate contributions to the attribution of motivational salience to mesocorticolimbic representations of environmental stimuli (Berridge and Robinson, 1998; Kapur, 2003; Berridge, 2007; Palmiter, 2007; Robbins and Everitt, 2007 ). Here, we tested the hypothesis that local dopamine mediates both incentive salience and fearful salience stimulated by AMPA blockade at appropriate locations in medial shell. We tested whether combined dopamine blockade of D 1 and D 2 receptors at the same microinjection site would (1) prevent local AMPA disruption from generating fearful defensive treading behavior in caudal shell, and (2) prevent generation of appetitive eating behavior in rostral shell.
Materials and Methods
Experiment design. Regions of medial shell responsible for microinjection effects on fear versus feeding behavior were mapped with a Fos plume tool using a design that compared behavioral and neurobiological effects of drug microinjections at equivalent sites. 6,7-Dinitroquinoxaline-2,3(1 H,4 H)-dione (DNQX) microinjections produce local plumes of Fos protein translation in nearby neurons (Reynolds and Berridge, 2008) , which could be a marker of the same neuronal changes triggered by receptors that mediate behavioral consequences of the drug microinjection, or a compensatory response to those changes in the same neurons, or an indirect marker via drug-induced modulation of adjacent neurons within a local circuit. Regardless, Fos plumes provide an index of the spread and intensity of drug impact on local neural tissue that can be used with microinjections to map localization of function. After surgery, rats were assigned to either behavioral test or Fos plume groups. Both groups were treated identically for their subsequent first microinjection, and then split and assessed for either Fos plumes or behavioral effects. Our goal was to assess maximal effects of DNQX microinjections on both Fos plumes and behavior under similar conditions. Animals. Sprague Dawley rats [male, 280 -350 g at surgery; n ϭ 65 (behavioral testing, n ϭ 41; Fos plume, n ϭ 24)] were housed on a 12 h light/dark reverse cycle (ϳ21°C) with ad libitum access to food (Purina Rat Chow) and water (tap water). All experimental procedures were approved by the animal use office of the University of Michigan.
Microinjection cannula surgery. Rats were implanted with bilateral stainless-steel guide cannulas at coordinates staggered across rats so that the group placements filled the entire medial shell (n ϭ 35; individual placements were always bilaterally symmetrical). Rostral shell placements were centered around coordinates anteroposterior (AP) ϩ3.4 mm, mediolateral (ML) Ϯ0.9 mm, and dorsoventral (DV) Ϫ5.7 mm to bregma, whereas caudal shell placements were centered around AP ϩ2 mm, ML Ϯ1 mm, and DV Ϫ5.7 mm. Rats were anesthetized with ketamine (80 mg/kg), xylazine (5 mg/kg), pretreated with atropine (0.04 mg/kg), and positioned in a stereotaxic apparatus (David Kopf Instruments). Chronic bilateral microinjection guide cannulas (23 gauge, stainless steel) were implanted 2 mm above target sites in the NAc shell (Paxinos and Watson, 2004) . A slanted skull position was used to avoid penetrating the lateral ventricles, with incisor bar set at 5.0 mm above intra-aural zero. Additional anatomical control placements (n ϭ 6) were placed in rostrodorsal structures, essentially along cannula tracks projecting to medial shell, in the cortex and lateral septum. All guide cannulas were anchored to the skull with four bone screws and acrylic cement, and stainless-steel obturators were inserted in guide cannulas to prevent occlusion. Each rat received prophylactic penicillin (aquacillin; 45,000 U, i.m.). After surgery, rats were allowed to recover for at least 7 d before testing.
Drugs and intracerebral microinjections. Fear versus feeding motivation was induced by a localized disruption of glutamate transmission at different rostrocaudal positions in the medial shell. The role of endogenous dopamine was assessed by local blockade of dopamine D 1 /D 2 in the same microinjection. Three different drug microinjection conditions were used for each rat in the primary test group (n ϭ 23), presented in counterbalanced order, as the primary test of dopamine's role in enabling DNQX-elicitation of fear versus feeding. One microinjection condition contained the AMPA/kainate glutamate receptor antagonist, DNQX (Sigma; 450 ng dissolved in 0.5 l 50% DMSO/50% 0.15 M saline; a moderately high dose of 450 ng was chosen to ensure robust elicitation of fear and feeding behaviors based on a previous experiment) (Reynolds and Berridge, 2003) . A second microinjection condition contained a "glutamate-dopamine antagonist mixture": a single microinjection that included both DNQX (450 ng/0.5 l) along with a mixture of the selective D 2 dopamine antagonist (raclopride, 5 g/0.5 l) and selective D 1 antagonist [R(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5,-tetrahydro-1 H-3-benzazepine (SCH-23390)], 3 g/0.5 l), all dissolved in 50% DMSO/50% 0.15 M saline (each dose refers to the final mixture concentration). The combination of all drugs into a single mixture minimized the number of microinjections needed, avoiding subsequent neural damage around the microinjection tip, and ensured that the same local site was equally exposed to all drugs. A third condition was vehicle control: microinjection of the 50/50% mixture of DMSO and 0.15 M saline used to dissolve drugs but without any drug content. Each rat received DNQX, mixture, or vehicle microinjections in counterbalanced order in three separate tests spaced 48 h apart. As an additional control to assess effects of dopamine antagonists by themselves and the addition of DMSO to a vehicle, an additional control group (n ϭ 12 rats) received microinjections in counterbalanced order of either the vehicle mixture alone (50% DMSO/50% 0.15 M saline), pure 0.15 M saline vehicle, the D 1 /D 2 dopamine antagonist mixture without DNQX (raclopride, 5 g and SCH-23390, 3 g/0.5 l dissolved in 50% DMSO/50% 0.15 M saline), or DNQX alone (450 ng/0.5 ). The D 1 /D 2 antagonist mixture by itself was tested to verify that it did not markedly suppress food intake below vehicle control level, and so rule out simple behavioral suppression as an explanation for dopamine/glutamate interaction effects. The two vehicles were compared with ensure that adding DMSO to a NaCl vehicle produced no detectable behavioral effects of its own. Finally, DNQX was included for the control group as a positive standard to confirm elicitation of motivated behaviors at microinjection sites, comparable with the primary test group. This design allowed comparison of many microinjection substances while keeping the number of microinjections per rat to no more than three or four.
All solutions were closely inspected to confirm absence of precipitation, and pH was maintained between 4.6 and 5.8. Microinjection cannulas (29 gauge) extended 2.0 mm beyond the ventral tip of the guide, and were attached to a syringe pump via PE-20 tubing. Rats were gently hand held while they were bilaterally infused with a microinjection volume of 0.5 l at a rate of 0.30 l/min. After infusion, the injectors remained in place for an additional 60 s to allow for drug diffusion before their withdrawal and replacement of the obturators. Each rat was placed immediately afterward in a test chamber described below. Microinjections were administered for each rat in counterbalanced order in separate tests spaced 48 h apart.
Behavioral tests of fear and feeding. After 3 d of handling, rats were habituated to the test chambers for 3 consecutive days before microinjections, and then received a vehicle microinjection on the last day of habituation. On a test day, rats received one of the microinjection conditions described above (DNQX, DA antagonists, mixture, vehicle) and were immediately placed in a transparent test chamber for behavioral testing. The floor was covered with granular bedding (crushed corn cob) spread 3 cm deep (to support defensive treading behavior), and the chamber contained a dish of preweighed food chow pellets (ϳ20 g) and a water spout (to support eating and drinking behaviors). Spontaneous behavior was videotaped for 60 min for subsequent off-line analysis Berridge, 2002, 2003) . Motivated behaviors stimulated by DNQX are typically directed toward appropriate stimuli in the environment. Appetitive behavior is directed to food pellets or a water spout in the chamber. Defensive treading behavior is typically directed toward light-reflecting corners and the most exposed transparent wall of the chamber, which faces the experimenter, camera, and outside lights. Experimenters, open room, and glittering corners appear to be the most threatening stimuli in the chamber, and perhaps for that reason are most defended against by vigorous defensive treading behavior stimulated by DNQX or related microinjections Berridge, 2002, 2003) . Defensive treading stimulated by DNQX microinjection in caudal shell therefore often has the result of building a mound of granular bedding placed in corners or between the rat and the transparent wall that reveals the outside experimenter Berridge, 2002, 2003) . The videotaped behavior of each rat was scored in a slow-motion analysis of eating, defensive treading, and other behaviors by an experimenter who was blind to drug treatment. Behavior was analyzed for cumulative time (seconds) spent in (1) eating, (2) drinking, (3) defensive treading, (4) grooming, (5) burrowing (insertion of head under corn-cob bedding, with downward and forward thrust), (6) burrow treading (combination of burrowing head thrust and paw-treading movements), (7) rearing, (8) locomotion (crossing of lines that divide six grid squares superimposed on floor of test chamber). For descriptions of each behavior see the studies by Reynolds and Berridge (2003) and Smith and Berridge (2005) .
Histology. After the completion of testing, rats were deeply anesthetized with sodium pentobarbital. Brains of rats used for behavioral tests were removed and fixed in 10% paraformaldehyde overnight and then cryoprotected in 20% sucrose for at least 2 d. Brains were coronally sectioned (60 m) mounted on slides and stained with cresyl violet. Cannula placements were mapped onto drawings of an atlas (Paxinos and Watson, 2004) . NAcc shell begins at ϳϩ3 mm bregma and ends at ϳϩ0.48 mm bregma in the atlas, which determines the rostral-half/ caudal-half boundary at ϳϩ1.74 mm bregma. Because the atlas plates are drawn at ϩ1.8 and ϩ1.68 mm, we considered a cannula placement to be caudal if it was located from ϩ1.68 mm bregma to ϩ0.48 mm, and to be rostral if it was located from ϩ1.8 to ϩ3 mm bregma.
Fos-like protein immunohistochemistry. Rats used for Fos plume assessment were perfused transcardially 90 min after bilateral DNQX, D 1 /D 2 antagonists, mixture, or vehicle microinjections. Local Fos activation was examined by immunohistochemistry and immunofluorescence (Reynolds and Berridge, 2008) . Brains were removed and placed in 4% formaldehyde overnight and then transferred to 30% sucrose. Two adjacent series of 40 m sections were sliced through the coronal plane with a sliding microtome and stored in 0.1 M sodium phosphate buffer (SPB), pH 7.4. Alternate series of sections were processed for immunofluorescence (for Fos plume quantification because this produced near-zero background levels of nonspecific binding) and immunoperoxidase (for anatomical localization of Fos plume). For immunofluorescence processing, sections were immersed in succession with gentle agitation and intervening rinses in SPB-Triton containing (1) 5% normal donkey serum (NDS) for 30 min, (2) 5% NDS and goat anti-c-Fos (1:500) overnight at 4°C, (3) 5% NDS, and (4) 5% NDS and donkey anti-goat Alexa Fluor 488 (excitation, 488 nm; emission, 519 nm; Invitrogen) for 1 h. Sections were then mounted, air dried, and coverslipped with ProLong Gold antifade reagent (Invitrogen). Immunoperoxidase processing was similar to that used in previous studies (Peciña and Berridge, 2005; Berridge, 2005, 2007) .
Fos plume identification. Fos-like immunoreactivity was visualized using a Leica microscope equipped for both brightfield and fluorescence microscopy. A filter with an excitation band at 480 -505 and an emission band at 505-545 were used for fluorescence visualization. Plumes were identified from immunofluorescence-processed sections (Peciña and Berridge, 2000; Smith and Berridge, 2005) . The Fos plume was typically maximal just caudal to the track of tissue damage (because guide cannulas were implanted from a slightly rostral approach angle, with mouth bar elevated, to avoid track penetration of the lateral ventricles). Fos-labeled cells were individually counted within sample squares (68 ϫ 68 m) along each of eight radial arms emanating from the center of the microinjection (0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°) with 5-10ϫ magnification. Drug-induced Fos plumes were assessed against baseline Fos densities collected from cannulas sites that had received vehicle microinjections (vehicle microinjection baseline).
Mapping procedure for microinjection behavioral effects. Maps for localization of function were constructed by first computing average radius and volumes of Fos plumes, and then using comparably sized symbols to depict the magnitude of behavioral effects on eating behavior and defensive behavior produced by a drug microinjection at each site (Peciña and Berridge, 2005; Berridge, 2005, 2007) . The behavioral effect for each drug condition (DNQX, mixture, D 1 /D 2 antagonists) was calculated as a difference score for an individual rat compared with control magnitude after vehicle microinjection at the same site in the same rat. The two bilateral microinjection sites were mapped for each rat, collapsed into a single plane. We chose the sagittal plane to map functions because a sagittal view allows the entire rostrocaudal extent and entire dorsoventral extent of medial shell to be viewed on a single atlas map (Reynolds and Berridge, 2001; Paxinos and Watson, 2004) .
Statistical analysis. Effect of drug conditions on each behavior at rostrocaudal levels of shell were assessed using a one factor (drug) repeatedmeasure or a two-factor mixed within-and between-subject ANOVA (drug ϫ anatomical levels, rostral or caudal). When a significant main effect was found, additional analysis was done using a one-way ANOVA
Results

Fos plume analysis of local impact
Fos plumes were used as a tool to map the spread of drug impact on neuronal function immediately around the microinjection site. This mapping tool provides objective information on where a microinjection directly influences gene transcription/translation in local neurons and where its influence ends. DNQX (450 ng) quadrupled local Fos expression over vehicle levels in an ϳϽ0.08 mm 3 volume plume center of the microinjection site, which was surrounded by less intense doubling of Fos expression in a larger plume halo of ϳ3.9 mm 3 volume (Fig. 1) . Addition of D 1 /D 2 antagonists to the mixture containing DNQX markedly reduced the volume and intensity of Fos plumes. By themselves, microinjections of D 1 /D 2 antagonists induced only small and faint Fos plumes, just slightly above control vehicle microinjection levels (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
That is, in a typical Fos plume, pure DNQX intensely stimulated Fos to more than four times above vehicle control levels in an intense inner center of 0.267 mm radius Ϯ 0.042 mm SEM (corresponding to 0.08 mm 3 spherical volume; volume, 4/3 radius 3 ). The intense center was surrounded by an intermediate halo with a 0.528 mm radius (Ϯ0.068) of more than three times Fos elevation over vehicle (0.6 mm 3 sphere volume), and by an outer halo with a 0.978 mm radius (Ϯ0.122) of more than two times Fos elevation (3.9 mm 3 sphere volume). We note that these 450-ng-dose DNQX plumes were larger than those produced by a lower 250 ng DNQX dose in a recent study that used otherwise similar microinjections (Reynolds and Berridge, 2008) , with a center radius here twice that of the previous lower dose (producing a center volume approximately seven times greater), and an outer radius ϳ30% longer (producing an outer volume roughly twice as great) for a 450 ng dose than for the previous 250 ng dose. By comparison, adding D 1 /D 2 dopamine antagonists to DNQX microinjections shrunk the centers and middles of mixture plumes to under one-half the size of pure-DNQX plumes (center radius, 0.1 mm; volume, 0.004 mm 3 ; middle radius, 0.26 mm; volume, 0.03 mm 3 ), and shrunk the outer plume radius by 30% (0.6 mm) and the total outer volume (0.9 mm 3 ) to under onefourth the size of pure DNQX levels. Finally, D 1 /D 2 dopamine antagonists by themselves produced small faint plumes that reached only 0.4 mm 3 outer volume. Plume symbols on maps were scaled to match the size of DNQX-induced Fos plumes, with corresponding centers of 0.53 mm in diameter and surrounding halos of 1-2 mm in diameter, and color coded to show behavioral effects evoked at each site (Figs. 2, 4) .
AMPA/kainate receptor blockade in the shell elicited rostrocaudal gradient of eating versus defensive treading behaviors DNQX microinjections elicited robust fearful versus feeding behaviors along a rostrocaudal anatomical gradient in medial shell of the nucleus accumbens, compatible with previous findings: caudal sites generated fearful defensive treading behavior and rostral sites generated appetitive eating behavior Berridge, 2003, 2008 ) (site ϫ drug interaction, F (1,21) ϭ 5.587; p ϭ 0.028) (Figs. 2-4) . The addition of a dopamine-blocking mixture of D 1 and D 2 antagonists to the same microinjection completely blocked DNQXgeneration of any increases in either appetitive/consummatory behaviors or defensive/fearful behaviors. Thus, no rostrocaudal gradient was detectable after dopamine blockade, and DNQX failed to increase motivated behaviors of any type in the absence of local dopamine neurotransmission. Finally, isotonic saline and DMSO/saline vehicles never significantly altered any motivated or locomotor behavior [defensive treading, eating, drinking, intake, rearing, locomotion; all F (1,10) Ͻ 1, not significant (ns)], and so were always similar to each other in lacking behavioral effects (Fig. 3) .
Rostral DNQX alone: eating induced by AMPA glutamate receptor blockade
Rostral microinjections of DNQX more than tripled food intake (average of 5.2 Ϯ 0.52 g SEM instead of 1.46 Ϯ 0.57 g SEM under vehicle) and more than doubled the duration of time spent in eating behavior (average of 795 Ϯ 123 s SEM instead of 295 Ϯ 117 s SEM under vehicle; duration, F (1,21) ϭ 6.555, p ϭ 0.018; intake in grams, F (1,21) ϭ 12.487, p ϭ 0.002; sites rostral to ϩ1.8 mm bregma). Rostral stimulation of eating appeared especially potent at dorsal sites in the rostral half of medial shell, compared with more ventral sites (Fig. 2) . In contrast, DNQX microinjections at sites caudal to ϩ1.0 mm bregma either decreased eating or failed to change eating behavior (rostral vs caudal, duration, F (1,22) ϭ 11.697, p ϭ 0.003; intake in grams, F (1,22) ϭ 7.383, p ϭ 0.013).
Dopamine antagonists prevent rostral elicitation of appetitive eating
Adding dopamine antagonists to the microinjection containing DNQX (referred to throughout as the mixture condition) completely blocked the increase in eating behavior normally produced by DNQX by itself (DNQX with dopamine antagonists vs DNQX alone: eating duration, F (1,21) ϭ 7.231, p ϭ 0.014; food intake, F (1,21) ϭ 11.163, p ϭ 0.003) (Figs. 2-4) . Microinjections of the DA-AMPA antagonist mixture in the nucleus accumbens shell produced no change in food intake compared with vehicle condition (eating duration, F (1,21) ϭ 0.240, ns; food intake, F (1,21) ϭ 0.904, n.s). The mixture failed to change eating duration or intake amount even at rostral sites, compared with vehiclecontrol levels (eating duration, F (1,8) ϭ 1.713, p ϭ 0.227; food intake, F (1,8) ϭ 1.571, p ϭ 0.245), and there was no drug by site interaction (eating in seconds, F (1,21) ϭ 2.603, ns; eating in grams, F (1,21) ϭ 1.189, n.s).
Results from the additional control group indicated that microinjection of the D 1 /D 2 dopamine antagonists alone did not suppress spontaneous eating behavior below vehicle levels in the absence of DNQX at either caudal sites (eating duration, F (1,4) ϭ 2.054, ns; food intake, F (1,4) ϭ 1.643, ns) or rostral sites (eating duration, F (1,6) Ͻ 1, ns; food intake, F (1,6) ϭ 1.064, ns) (Fig. 3) . Failure of dopamine blockade in shell by itself to prevent eating is consistent with previous reports that microinjection of SCH-23390 or raclopride in the medial accumbens does not suppress food intake (Baldo et al., 2002) or powerfully suppress global activity (Yun et al., 2004) . It suggests that dopamine antagonist microinjections did not simply reduce the ability to perform eating movements or to consume food. Rather than simply making rats unable to exhibit motivated behaviors because of motor incapacity or sedation, local dopamine blockade instead appeared to prevent DNQX from generating intense appetitive eating or defensive treading behaviors, in accordance with the dopamineglutamate modulation hypothesis.
Caudal DNQX alone: defensive treading induced by AMPA glutamate receptor blockade DNQX microinjections produced more than a 10-fold increase over vehicle control levels in fearful patterns of defensive treading at medial shell sites caudal to ϩ1.4 mm bregma, following a rostrocaudal gradient for defensive behavior in the nucleus accumbens shell (Reynolds and Berridge, 2003) (DNQX, 25.2 Ϯ 9.5 s SEM, vs vehicle, 1.9 Ϯ 0.5 s SEM; F (1,13) ϭ 6.533, p ϭ 0.024) (Figs. 2-4) . The amount of defensive treading was also 10 times greater after DNQX in caudal sites than in rostral sites in medial shell (DNQX, 0.18 Ϯ 0.13 s SEM; vehicle, 0.53 Ϯ 0.32 s SEM; caudal vs rostral; F (1,22) ϭ 4.698, p ϭ 0.042). Caudal stimulation of defensive treading behavior by DNQX appeared especially po- tent at ventral sites in the caudal half of medial shell, compared with more dorsal sites (Fig. 2) .
Dopamine antagonists prevent caudal elicitation of fear
Adding the dopamine D 1 and D 2 antagonists to the DNQX microinjection blocked all increases in defensive treading behavior normally produced by DNQX alone at local sites in caudal shell (F (1,13) ϭ 5.044; p ϭ 0.043), just as dopamine blockade had blocked appetitive behavior in rostral shell (Figs. 2-4 ). Even at far caudal sites in medial shell, microinjections of the combined antagonist mixture in the nucleus accumbens shell produced no more defensive treading behavior than vehicle microinjections (F (1,13) ϭ 3.759; p ϭ 0.075). Thus, there was no rostrocaudal difference in defensive treading performance after mixture microinjection (F (1,22) ϭ 1.902; p ϭ 0.182), no increase over vehicle control levels (F (1,21) ϭ 3.885; p ϭ 0.062), and no interactions between drug and sites (F (1,21) ϭ 0.837; p ϭ 0.371). Further results from the additional control group indicated, similar to eating results, that dopamine antagonists by themselves in the absence of DNQX did not alter spontaneous defensive treading behavior significantly from vehicle levels at any site, whether in rostral shell (F (1,6) ϭ 2.356, ns) or caudal shell (F (1,4) ϭ 1.402, ns) (Fig. 3) .
Other behaviors DNQX at caudal sites also induced locomotion, such as crossing of grid squares in the chamber (F (1,13) ϭ 9.701; p ϭ 0.008), but not at rostral sites (F (1,8) Ͻ 1, ns) . Conversely, DNQX at rostral sites suppressed rearing behavior (F (1,8) ϭ 5.858; p ϭ 0.042). DNQX had no effects on other general activity behaviors measured or on drinking (F values Ͻ 1). Addition of DA antagonists blocked the DNQX-increase in locomotor crossing (F (1,13) ϭ 8.834; p ϭ 0.011). However, addition of DA antagonists to DNQX did not reduce motor locomotion crossing (F Ͻ 1) or burrowing behavior (F (1,21) ϭ 2.2, ns) below vehicle control levels, again consistent with the idea that dopamine antagonist microinjections did not simply make rats unable to engage in behaviors.
Anatomical control sites
Outside of the medial shell, at control sites dorsal or rostral to shell in cingulate cortex, lateral septal nucleus, or near the ventral tip of the corpus callosum (dorsal tenia tectum and navicular Figure 2 . A, B, Fos plume maps of appetitive eating behavior versus fearful defensive treading behavior generated by DNQX and mixture microinjections. Each plume-sized circle represents color-coded behavioral effects of DNQX or mixture at that site, compared with vehicle control levels at same site in the same rat (expressed by the color scale as a change score). Left maps show the behavioral effects of pure DNQX microinjections. Right maps show the effects of mixture microinjections (D 1 antagonist plus D 2 antagonist plus DNQX). A, Appetitive behavior (food intake). B, Fearful behavior (defensive treading). Histograms above or next to graphs represent rostrocaudal or dorsoventral levels showing the mean behavioral effects produced by microinjections at each level (expressed as a change score from vehicle microinjection at the same site in the same rat; ϩSEM). Sagittal sections are adapted from Paxinos and Watson (2004) . nucleus) (Paxinos and Watson, 2004) , DNQX produced no changes in either defensive behavior (F Ͻ 1) or appetitive behavior (food intake, F (1,5) ϭ 1.29, ns; eating duration, F Ͻ 1; drinking intake, F (1,5) ϭ 2.73, ns). Similarly, DNQX at control sites had no effect on other motor behaviors measured here (locomotor grid crossing, F (1,5) ϭ 3; burrowing and grooming, F (1,5) ϭ 4.31, ns).
Discussion
Microinjection of the AMPA/kainate glutamate receptor antagonist (DNQX) by itself in the medial shell of nucleus accumbens robustly generated eating or fearful behaviors along a rostrocaudal gradient, consistent with a keyboard organization of glutamatergic desire versus fear based on anatomical placement Berridge, 2003, 2008) . Microinjections of DNQX disrupted glutamate signaling in "keys" sized between 0.1-4 mm 3 , as indicated by Fos plume center volumes of 0.08 mm 3 and halo volumes of 3.9 mm 3 . In the rostral shell, disruptions elicited robust appetitive eating behavior and food intake. Conversely, in the caudal shell, the same local glutamate disruptions elicited robust defensive treading behavior and suppressed food intake. Rostrocaudal keyboard organization of glutamate-related generators of appetitive behavior versus defensive behavior is consistent with other evidence suggesting anatomical heterogeneity or localization of affective function within the medial shell (Peciña and Berridge, 2000; Liberzon et al., 2003; Smith and Berridge, 2005; Aragona et al., 2006; Kerfoot et al., 2007; Mahler et al., 2007; Britt and McGehee, 2008) .
Addition of D 1 and D 2 receptor antagonists to the same microinjection mixture completely blocked the ability of DNQX to generate either eating behavior or defensive treading behavior. These new results are consistent with previous report that systemic D 1 and D 2 dopamine receptor antagonists reduce eating behavior otherwise stimulated by DNQX microinjection in the nucleus accumbens (Maldonado-Irizarry et al., 1995) . They show further that the dopamine and glutamate blockade interaction can occur at the same site or local circuit in medial shell, and that the interaction applies to fearful behavior as well as appetitive behavior (both generated according to keyboard position along the rostrocaudal gradient). Together with the failure of SCH-2330 and raclopride microinjections to markedly suppress food intake by themselves here and in other studies (Baldo et al., 2002; Mikhailova, 2003) , the ability of dopamine blockade to prevent DNQX from inducing motivated behaviors here appears to reflect a need for local dopamine receptor stimulation in order for local AMPA glutamate disruption to stimulate either appetitive motivation or fearful motivation. It remains to be clarified whether D 1 -type versus D 2 -type receptor stimulation is primarily responsible for dopamine contributions to this effect, or whether D 1 versus D 2 receptors play similar roles in both appetitive versus defensive stimulation by DNQX (and at all points along the rostrocaudal gradient), although we note that that D 2 receptors have been especially implicated in defensive behavior (Puglisi-Allegra and Cabib, 1988; de Oliveira et al., 2006) .
Interaction between dopamine blockade and glutamate disruption
More information is needed on the mechanism of interaction between disruptions of dopamine and glutamate signals. A remaining puzzle is whether dopamine receptor blockade acts by altering firing within the local circuit immediately impacted by DNQX. That is, activation of NMDA receptors alone might not cause neuronal firing after AMPA blockade if NMDA receptors do not allow current flow at negative potentials; similarly, dopamine receptor activation is unlikely to excite spiny neurons after AMPA blockade and, therefore, adding the two blockades together might not further suppress local firing. Anatomical diffusion of effects could contribute to mixture blockade if drugs spread differentially, or if the generation of appetitive or fearful behaviors by hyperpolarizing microinjections involved spatial interactions such as lateral disinhibition of neighboring local circuits. Still, it seems unlikely that dopamine and glutamate antagonists diffused far given the tight containment of each Fos plume within a few cubic millimeters of the medial shell (and under one-tenth of a cubic millimeter for the Fos-quadrupled center). Additional research will be needed to understand how glutamate and dopamine signals interact to allow blockades to alter relevant local circuits that control motivated behaviors.
Dopamine is often viewed as a neurobiological modulator of corticolimbic glutamate circuits in that it gates glutamate signals in nucleus accumbens from prefrontal cortex, hippocampus, amygdala, and thalamus (Groenewegen et al., 1980; Sesack et al., 1989; Everitt et al., 1991; McDonald, 1991; Mulder et al., 1998; Cardinal et al., 2002) . Dopamine might help select one signal at the expense of others, in part by amplifying strong glutamate input to neurons in an up state, and reducing input impact to cells in a down state (Pennartz et al., 1994; Kiyatkin and Rebec, 1996; Horvitz, 2002; West and Grace, 2002; Kalivas, 2004) . For example, dopamine has been suggested to act on D 2 receptors in striatum to reduce glutamate release (Yamamoto and Davy, 1992; Surmeier et al., 2007) , and on D 1 receptors to enhance NMDA-stimulated currents and AMPA receptor recruitment (Surmeier et al., 2007; Sun et al., 2008) and to regulate the balance among anatomical inputs to nucleus accumbens, shifting weights from prefrontal cortex to limbic hippocampal inputs (Grace et Appetitive eating behavior (green symbols) was stimulated by DNQX microinjections in the rostral shell, whereas fearful defensive treading was elicited by caudal DNQX microinjections (red symbols; criteria for including a DNQX site was a Ͼ9 min increase in eating duration plus a Ͼ200% increase in food intake for appetitive effects, and Ͼ20 s duration and Ͼ400% increase in defensive treading behavior; both compared with vehicle microinjection at same site). Histogram bars express the percentage change in behaviors from vehicle levels [eating duration (in minutes); defensive treading duration (in seconds)]. Addition of D 1 and D 2 receptor antagonists in the mixture condition blocked the ability of DNQX to generate either eating or defensive behavior at most sites (right).
al., 2007). Extracellular levels of dopamine in nucleus accumbens are increased by microinjection of glutamate receptor antagonists in the shell (Taber and Fibiger, 1997) , suggesting that our DNQX microinjection could lead to dopamine release inside nucleus accumbens shell as part of the mechanism for generating appetitive or defensive behaviors. In the present study, motivated behaviors were induced by selective blockade of AMPA/kainate glutamate receptors at valence-coded locations. Local inhibition of the medial shell has been suggested to evoke motivated behavior via release of neurons in target structures downstream, such as lateral hypothalamus, ventral pallidum, etc., from inhibitory GABAergic suppression (Kelley et al., 2005) .
Mesocorticolimbic mechanisms of appetitive versus fearful motivation
These results show for the first time that dopamine modulates both appetitive-and fear-motivated behaviors elicited by local disruptions of glutamate signaling, in an anatomically separable or keyboard manner within nucleus accumbens. That is, dopamine may interact with the rostrocaudal valence biases of local glutamate circuits in medial shell. This may help explain how mesolimbic dopamine can be involved in opposite motivated behaviors of both positive and negative valence (Salamone et al., 1994; Maldonado-Irizarry et al., 1995; Berridge and Robinson, 1998; Gray et al., 1999; Levita et al., 2002; Kapur, 2003; Schultz, 2007) . Heterogeneous patterns of dopamine release may occur across nucleus accumbens subregions (Wightman et al., 2007) , which might also contribute to the ability of external factors (such as stressful noise and light versus comfortable home-like situations) to retune the rostrocaudal glutamatergic keyboard, in ways that shift the positions of appetitive-fearful valence boundaries in medial shell (Reynolds and Berridge, 2008) .
If dopamine enhanced glutamate signals at locations with valence biases, it might amplify the attribution of valenced motivational salience to related events in the external world. We suggest that microinjection of DNQX interacts in this way with dopamine and glutamate circuits inside the shell, which tag external stimuli with motivational salience of either positive or negative valence to elicit motivated behavior. Rostral disruptions of glutamate circuits in medial shell are biased toward generating positive incentive salience that makes tagged stimuli attractive to pursue or eat, whereas caudal circuits are biased toward negative or fearful salience, causing tagged stimuli to be defended against or avoided (Reynolds and Berridge, 2003) . In both rostral and caudal sites, dopamine appears to be needed along with local glutamate disruptions to transform external stimuli into positive incentives or into fearful threats (Salamone et al., 1994; Berridge and Robinson, 1998; Levita et al., 2002; Jensen et al., 2007; Salamone et al., 2007) .
We note that dopamine has been suggested previously to contribute in a related way to pathological exaggerations of fearful salience, as a motivational component of paranoia in human schizophrenia (Kapur and Mamo, 2003; Kapur, 2004; Barch, 2005; Taylor et al., 2005; Schmidt and Beninger, 2006; Jensen et al., 2007) . Dopamine involvement in the localized valence-biased glutamate circuits in the medial shell described here seems a possible mechanism for the generation of pathologically excessive fear in such pathological conditions, as well as for excessive "wanting" for rewards in conditions such as addiction.
Conclusion
Local dopamine blockade prevented glutamate disruption in the same 0.1-4 mm 3 sphere of the medial shell from generating positive incentive salience or negative fearful salience in a rostrocaudal keyboard manner. Our results suggest that dopamine is needed for blockade of AMPA glutamate signals at separable locations in nucleus accumbens to tag external stimuli with either incentive salience or fearful salience. These results thus indicate that dopamine participates in parallel channels of mesocorticolimbic signals that are oppositely valenced to generate desire versus dread.
